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DOI: 10.1039/c1jm10366kMultilayered films of TiO2 with ordered cubic mesoporosity were grown via layer-by-layer deposition
on a conductive FTO (F-doped SnO2) substrate by dip-coating and subsequent calcination at 400
C.
Since platinum nanoparticles are known to enhance the photocatalytic activity, they were introduced
into the TiO2 mesopores by pulsed electrodeposition. Additionally, sandwich-like layers with up to five
alternating TiO2 and Pt layers were prepared. The photocatalytic gas-phase oxidation of acetaldehyde
served as a test reaction to characterize the activity in the gas phase of both pristine TiO2 as well as
Pt/TiO2 single- and multilayer films. The ordered mesoporous pristine TiO2 and Pt/TiO2
nanocomposites exhibited significantly higher photoactivity than commercial Pilkington Activ glass
and dense TiO2 films. Moreover for pristine TiO2 films, those consisting of three layers (about 650 nm
in thickness), were shown to be sufficient to achieve a maximum photonic efficiency of z ¼ 0.45%. For
the Pt/TiO2 system, however, a single-layer film with a total thickness of only about 220 nm exhibited
an almost identical activity. Moreover, repetitive experiments demonstrated that the newly prepared
photocatalyst films did not suffer from a decrease in the photocatalytic activity, evincing their potential
for practical applications.1. Introduction
Mesoporous TiO2 in the form of thin films or as powders is an
interesting material for photocatalytic applications especially
due to their very high specific surface area.1 Furthermore, the
crystalline TiO2 nanoparticles are embedded within a continuous
3D structure, which is beneficial for an easier catalyst recovery.
First ordered mesoporous materials for photocatalysis were
prepared by doping mesoporous silica with TiO2.
2 The obtained
promising results stimulated efforts for the preparation of pris-
tine TiO2 with highly ordered mesoporosity and high crystallinity
of the walls.3 The uniform 3D pore system of cubic mesoporous
TiO2 favors the mass-transfer kinetics, which enhances its
potential for environmental applications.4,5 Noble metals such as
Pt, Pd, Ag and Au deposited on TiO2 can act as sinks for
photoexcited electrons, hindering the recombination of charge
carriers (electrons and holes).6,7 An ordered mesoporous TiO2aAdvanced Materials Department, Central Metallurgical R&D Institute
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7802 | J. Mater. Chem., 2011, 21, 7802–7810network with its large external surface area can enhance the
photocatalytic activity, i.e., the photonic efficiency, due to
several effects: (i) multiple scattering effects, (ii) stabilization of
a high dispersion of the noble metal nanocrystals, and (iii)
enabling highly efficient electron transport via the network of
interconnected TiO2 nanocrystals (antenna effect).
8,9 Addition-
ally, as the gas–solid photocatalytic reactions are surface-based
processes,8 the large surface area provides more adsorption sites
for reactant molecules, increasing the efficiency of the majority of
photocatalytic processes.
In general, TiO2 thin films exhibit several unique photo-
catalytic properties, such as their self-cleaning, antifouling, and
anti-bacterial ability. For self-cleaning applications, TiO2 is
deposited on a substrate as a thin film with a few tens of nano-
metres to a few micrometres in thickness.10 The pollutants are
photocatalytically removed, e.g., by the absorption of sunlight.11
In addition to the photocatalytic processes, the light-induced
hydrophilic properties of the TiO2 facilitate the removal of dust
or inorganic degradation by-products by rainwater. CH3CHO,
being a toxic compound and known to be one of the principal
odor-causing gases in indoor air, forms in considerable amounts
inside of buildings upon oxidation of organic compounds
released by furniture, carpets and cigarette smoke by ozone.12
The photocatalytic oxidation of CH3CHO using TiO2-based
catalysts has been proposed to proceed via a radical chain reac-
tion mechanism.13 Investigations employing 13C labelled
CH3CHO revealed that gaseous acetaldehyde is oxidizedThis journal is ª The Royal Society of Chemistry 2011
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View Article Onlinepreferentially into acetic acid, which is immediately oxidized to
CO2, and into HCHO followed by its fast oxidation into CO2
with HCOOH being the intermediate.13c,d The photooxidation of
CH3CHO has been widely investigated on many forms of TiO2
14
such as powder,15 thin films,16 and porous solids.17 Multilayer
coatings of TiO2 nanoparticles
18 are useful for various applica-
tions needing e.g., transparency or easy recovering. However, for
practical reasons the number of layers and consequently the
number of steps in their fabrication, e.g., by dip-coating, should
be kept as small as possible.19
The present study is aimed at the enhancement of photo-
catalytic activity of sol–gel prepared TiO2 multilayer films with
ordered cubic mesoporosity deposited on conductive FTO
substrates resulting from the introduction of platinum nano-
particles into the mesopore channels by pulsed electrodeposition.
The photocatalytic activity for the oxidation of CH3CHO in the
gas phase was determined for both, pristine TiO2 and Pt/TiO2
multilayer films, and compared with that of commercial
Pilkington Activ glass. To the best of our knowledge, this is the
first report on the synthesis of mesoporous TiO2/Pt composites
and on their photonic efficiency.
2. Experimental section
2.1. Materials
Pluronic P123 (a poly(ethylene oxide)–poly(propylene oxide)–
poly(ethylene oxide) block copolymer EO20PO70-EO20, Aldrich)
served as a structure-directing agent. HCl, titanium(IV)
tetraethoxide (95%), ethanol and H2PtCl6 were purchased from
Aldrich and used as received.
2.2. Synthesis of mesoporous multilayer films
Cubic mesoporous titania single-layer films were prepared
according to Alberius et al.20 5 g of Pluronic P123 were added to
60 g of ethanol with stirring for 1 h. Separately, a mixture of
17.6 g titanium ethoxide and 11.25 g of HCl was stirred vigor-
ously for 10 min, resulting in a clear solution. The two mixtures
were then combined and stirred for 3 h. Conductive FTO glass
slides were coated with the sol prepared at the withdrawal rate of
1 mm s1. After aging in air for 24 h, the samples were calcined in
air at 400 C for 4 h (heating rate: 1 C min1). Multiple-coated
films were prepared by repeating the deposition process, being
heated at 350 C for 1 h prior to the subsequent coating step.
Finally, the films were calcined at 400 C for 4 h. For comparison
pure non-porous TiO2 (SG-TiO2) was prepared by the same
sol–gel route but without addition of the structure directing
agent Pluronic P123.
2.3. Electrochemical deposition of platinum
The electrochemical experiments were performed using a poten-
tiostat/galvanostat (Autolab 12, Eco Chemie) with GPES soft-
ware for the collection and analysis of data. A conventional
three-electrode cell was used, either mesoporous TiO2 or dense
SG-TiO2 thin films, a Pt wire and a saturated calomel electrode
(SCE) serving as working, counter and reference electrodes,
respectively. Platinum was electrochemically deposited from
a 103 M H2PtCl6 solution by applying pulses of (vs. SCE) 1 sThis journal is ª The Royal Society of Chemistry 2011duration interrupted by breaks of 5 s in order to allow diffusion
of the Pt2+ ions into the pores of the porous films. The total
charge amount and deposition current density were 1.2 C cm2
and 5 mA cm2, respectively. After the electrodeposition, the
samples were thoroughly rinsed with deionized water and dried
in air.2.4. Sandwich Pt/TiO2 multilayer
In multilayer films Pt was electrodeposited by applying 5 pulses
of 1 s duration after preparation of each mesoporous TiO2 layer.
The TiO2 layers were prepared according to the above method
and were treated at 350 C for 1 h prior to the electrodeposition.
This procedure was repeated to obtain the required number of
TiO2/Pt double-layers. Finally, the film was treated at 400
C
for 4 h.2.5. Characterization
Transmission electron microscopy (TEM) was performed at
200 kV with a JEOL JEM-2100F-UHR field-emission instru-
ment equipped with a Gatan GIF 2001 energy filter and
a 1K-CCD camera to obtain EEL spectra. Small angle X-ray
diffraction (SXRD) patterns were recorded on a Bruker D8
Advance. The film thickness was determined by a Dektak 6 M
stylus (Veeco) surface profile measuring system. The texture
properties of the films were determined by the analysis of
adsorption isotherms of Kr at 196 C measured with a Micro-
meritics ASAP 2010 volumetric adsorption unit by the method
given in ref. 21. In order to determine texture parameters of thin
porous films deposited on supports, whose total surface area is in
the range of several tens of square centimetres, the highly
sensitive Kr adsorption technique has to be used. To take into
account the differing film sizes and thicknesses, all the texture
parameters were related to a unit (i.e., 1 cm3) of the total film
volume, which includes both the voids and the pore walls. The
specific surface area was determined by the BET method using
the molecular cross-sectional area of Kr of 0.21 nm2. The
information on the pore volume was obtained from the limiting
adsorption at pressure near to the saturation pressure. The
porosity of the films was calculated by dividing the pore volume
by the total film volume. As the analysis of adsorption isotherms
of Kr at 196 C is far from being straightforward and a well-
established procedure (e.g. DFT) has not been implemented yet,
a simple method based on comparative plots was used to
calculate the mean diameters of the mesopores (D) and the pore
size distribution.21 As a suitable reference material a non-porous
anatase (Aldrich) was used, whose surface area was 11.2 m2 g1.
Comparison plots for each sample were constructed, in which the
adsorption on the sample under study was plotted against that on
the reference material. The differentiation of obtained plots
provided an assessment of the pore size distribution for each
film.21
The reflectance spectra of the samples in a range of 200–
800 nm were recorded with a Varian Cary 100 Scan UV-vis
system equipped with a Labsphere integrating sphere diffuse
reflectance accessory. The optical band gap energy for each
sample was estimated according to the Tauc plot:J. Mater. Chem., 2011, 21, 7802–7810 | 7803
Fig. 1 SAXS pattern of as made cubic mesoporous TiO2 (A), SAXS
patterns of multilayer films of mesoporous TiO2 calcined at 400
C (B):
one layer TiO2 (a), two layer TiO2 (b), three layer TiO2 (c), four layer
TiO2 (d) and five layer TiO2 (e).
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View Article Onlinea ¼ A(hn  Eg)n/hn (1)
with Eg being the optical band gap, a the absorption coefficient,
A a proportional constant, hn the energy of a photon, and n ¼ 2
used for semiconductors with indirect electronic band transition
as TiO2. Since the absorption coefficient a is proportional to the
Kubelka–Munk function F(R), the band gap energy can be
obtained from the extrapolation of the linear portion of the plot
of [F(R)hn]1/2 vs. hn near the onset of absorption edge to the
energy axis. As straight lines were obtained in photon energy
ranges close to the absorption thresholds, the electronic transi-
tion near the band gap was confirmed to be indirect.
2.6. Measurement of the photonic efficiencies in the gas phase
The photocatalytic degradation of CH3CHO was investigated
employing an experimental setup consisting of a gas supply,
a photoreactor, and a Syntech Spectras GC 955 gas chromato-
graph. The illuminated area of each TiO2-coated sample was
15 cm2. Each film was pretreated under UV(A) irradiation
(2 mW cm2) for 24 h to clean its surface. The gaseous
reaction mixture was prepared by mixing streams of dry air
(500 mL min1), wet air (500 mL min1, relative humidity of
100%), and 200 ppm CH3CHO/N2 (approximately
2.5 mL min1), to obtain a final CH3CHO concentration of
450 ppb at a relative humidity of 50% at 297 K. The photoreactor
was illuminated with four UV(A) lamps (l < 380 nm), the total
UV light intensity at 350 nm being 1 mW cm2. Prior to the
photocatalytic tests, the photoreactor was purged with the
CH3CHO/water vapour/air mixture without illumination until
a steady CH3CHO concentration was achieved at the outlet.
Afterwards, the sample was irradiated for 120 min. For each
measurement the photonic efficiency z, which is defined as the
ratio of the degradation rate of CH3CHO and the incident
photon flux related to the illuminated area, was calculated
according to:
x ¼ hcNADn
fAl
(2)
with h being Planck’s constant, c the light velocity, NA Avoga-
dro’s constant, Dn the difference between inlet and outlet flux of
CH3CHO, F the light intensity, A the illuminated area, and l the
wavelength of the UV light. Complete degradation of CH3CHO
with an initial concentration of 450 ppb, which corresponds to
Dn ¼ 3.03  1010 mol s1, results in a theoretical photonic effi-
ciency xth of 0.71%. The efficiency was calculated from steady-
state concentrations obtained after 120 min.
3. Results and discussions
3.1. Structural investigations
Since the photocatalytic activity of single-layer mesoporous TiO2
films is expected to be too low, mesoporous multilayer TiO2 films
have been synthesized and subsequently loaded with Pt nano-
particles. Concerning the electrochemical Pt loading, two
different methods were performed, either the loading as a final
step on a multilayer film (up to five mesoporous TiO2 layers) or
Pt deposition directly after each dip-coating step (sandwich
structures). By the second route, sandwich structures consisting7804 | J. Mater. Chem., 2011, 21, 7802–7810of up to five TiO2 and five Pt layers on FTO substrate were
prepared. During the heat treatment after the dip-coating steps,
TiO2 cross-links and starts to crystallize, and at the same time the
surfactant is removed, leaving the mesoporous TiO2 material.
20
The ordering of the formed mesoporous multilayer Pt/TiO2
nanocomposites was characterized by the small angle X-ray
scattering (Fig. 1A). The as-made sample exhibits an intensive
peak, which can be indexed as the (100) Bragg reflection of the
Im3m space group20 and a weak hump which might indicate the
(200) reflection. Calcination at 400 C leads to a shrinkage of the
pores as indicated by a shift of the (100) reflection to higher 2q
angles (diffractogram (a) in Fig. 1B). Such shrinkage is typical
for this type of structured mesoporous layers.20,22 With the
deposition of additional layers, the disorder of the structure
increases as follows: from the broadening of the reflection ((b) in
Fig. 1B) and decrease in its intensity ((c–e) in Fig. 1B). The
increasing disorder is due to the repeated calcinations included in
the preparation protocol of the multilayer films.
The adsorption isotherms of Kr at 77 K in Fig. 2 show the
influence of the deposition of different amounts of Pt on the
porosity of one-layer and three-layer films (Fig. 2a and b). Also
a sample prepared by layer-by-layer deposition (three layers of
each TiO2 and Pt) is included. All the isotherms are of the
IUPAC type IV confirming the mesoporosity of all the samples
measured. The texture data are given in Table 1. The comparison
of the pristine calcined one-layer film with those loaded with 5
and 30 pulses (Fig. 2a and Table 1) shows that the specific surface
area, porosity and very slightly also the pore width decrease with
increasing number of pulses, which corresponds to an increasing
amount of incorporated platinum. The introduction of Pt
particles does not lead to any deterioration of the porosity. Only
the pristine and 5 pulses Pt films exhibit a slightly broader pore
size distribution, while those of samples containing even larger
amounts of Pt exhibit rather narrow pore size distribution, e.g.
the sample 30 pulses Pt/TiO2. Concerning the pore sizeThis journal is ª The Royal Society of Chemistry 2011
Fig. 2 Kr adsorption isotherms of pristine mesoporous TiO2 thin films and of 5 and 30 pulses Pt/TiO2 thin films (a). Kr adsorption isotherms of
mesoporous at 5 pulses Pt/3 layer TiO2 and 3 layer Pt (5 pulses)–3 layer TiO2 like sandwich unit thin film and 15 pulses Pt/3 layer TiO2 (b).
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View Article Onlinecorresponding to the maximum of the pore size distribution,
there is only a very slight decrease due to the introduction of Pt
from about 10 to 9–9.5 nm. In principle the same holds for the
three layer films doped with 5 and 15 pulses (Fig. 2b and Table 2)
showing that also on a three-layer film the Kr adsorption
capacity decreases with the number of pulses applied in the
electrochemical deposition of Pt. Again, the more Pt is deposited
the more pore volume decreases. This demonstrates that Pt is
really deposited within the pores, because in case of a pore
blocking by a continuous layer of Pt on the external surface
a more drastic decrease in the Kr adsorption must be expected.
However, the comparison of the single-layer film doped with
5 pulses (Fig. 2a) with a three-layer film one time doped with
5 pulses (Fig. 2b) shows that both the specific surface area and
porosity drastically decrease with the number of TiO2 layers
present. The reason is the repeated calcination included for the
preparation of the multilayer films. If the deposition of Pt by
applying 15 pulses in either one step on a three-layer TiO2 film or
in three steps of 5 pulses after formation of each of the three TiO2
layers (sandwich configuration) is compared by Kr adsorption
(Fig. 2b) it is clearly visible that with the repeated deposition
more pore volume remains accessible.
In the case of single-layer TiO2 films calcined at 400
C TEM
cross-section images confirm the preservation of the worm-likeTable 1 Texture and photocatalytic properties of pristine TiO2 and Pt/TiO2
Pt pulses Thickness/nm Sspec/m
2 cm3 Vspec/cm
3 cm3 Po
0 179  18 352 0.53 53
1 188  16 — — —
2 199  20 — — —
5 224  19 302 0.44 44
15 248  18 — — —
30 267  20 247 0.42 42
SG-TiO2 200  15
Pt/SG-TiO2 220  18
a Sspec, the specific surface area of the film.Dmax, the pore width corresponds t
pore size. R, the initial photocatalytic degradation rate. Q: Water contact an
This journal is ª The Royal Society of Chemistry 2011mesoporous structure even after deposition of Pt by applying
5 pulses (Fig. 3b). In a sample on which 5 pulses are applied Pt
nanoparticles are hardly visible, indicating that their diameter
must be below approximately 5 nm. Due to the high conductivity
of the TiO2 framework
23 the Pt particles are well distributed over
the whole film. After applying 30 pulses, however, agglomerates
of Pt within the TiO2 layer become clearly visible (Fig. 3d). Close
to the Pt nucleation centres formed in the first few pulses more
and more Pt is deposited leading to the large aggregates. The
generation of the Pt aggregates after application of 15 or
30 pulses is also indicated by a change in the colour of the films,
appearing more and more grey. With progressive electrochemical
deposition as a result of combined nucleation and growth, finally
the Pt nanostructures might fill the pores and thus form a replica
of the pore system. This has already been observed for the
deposition of Au nanostructures.23 On high-resolution TEM
(HR-TEM) images the different Pt and TiO2 particles are visible
already after electrodeposition of 5 pulses (Fig. 3a). The atomic
planes of the Pt particles are separated by 2.2 A, which agrees
with the (111) lattice spacing (2.2 A) of face-centered cubic Pt;
crystalline TiO2 anatase particles are indicated by the typical
(101, 3.5 A) and (103, 2.4 A) lattice fringes. The appearance of
the (111) planes of the Pt particles within the mesostructured
TiO2 gives direct evidence that the nanoparticles are effectivelymesoporous filmsa
rosity (%) Dmax/nm Q/
 Rate/1011 mol s1 x (%)
10 13.6  2 4.9 0.15
— 10  0.5 5.6 0.23
— 10  0.5 16.4 0.38
10 8.7  0.5 18.5 0.44
— <5 9.71 0.24
9 <5 9.04 0.01
11.6  3 3.03 0.07
9.3  1 10.79 0.24
o the maximum of pore size distribution, practically the same as the mean
gle, xrel, the photonic efficiency.
J. Mater. Chem., 2011, 21, 7802–7810 | 7805
Table 2 Textural properties of multilayer films of pristine TiO2 and Pt/TiO2 nanocomposites at different Pt loadings and their photocatalytic properties
(initial rate and photonic efficiency of photocatalytic CH3CHO degradation)
a
TiO2 layers
Pristine TiO2 5 Pulses Pt
Thickness/nm Rate/1010 mol s1 Q/ x (%) Thickness/ nm Rate/1010 mol s1 Q/ x (%)
1 179  20 1.15 13.6  2 0.15 224  20 1.73 8.3  0.5 0.44
2 447  20 1.39 10.6  2 0.30 521  25 1.78 7.2  0.5 0.43
3 654  25 1.95 13  2 0.43 677  40 1.95 4.3  0.5 0.46
4 848  50 1.92 12.4  2 0.44 888  60 1.69 6.2  1 0.45
5 1121  75 2.0 14.9  2 0.45 1135  60 1.92 7.4  2 0.46
a Q, Water contact angle, xrel, the relative photonic efficiency.
Table 3 Textural properties of TiO2-layer-by-Pt-layer sandwich structures and their photocatalytic properties (initial rate and photonic efficiency of
photocatalytic CH3CHO degradation)
a
No. of layers Thickness/nm Sspec/m
2 cm3 Vspec/cm
3 cm3 Porosity (%) Dmax/nm Q/
 Rate/1010 mol s1 x (%)
1 214  10 302 0.44 44 10 8.6  0.5 1.53 0.43
2 502  15 — — — — 7.6  1 1.46 0.44
3 724  25 224 0.35 35 9.3 4.6  0.5 1.68 0.45
4 989  50 — — — — 5.4  1 1.75 0.43
5 1342  80 — — — — 4.7  0.4 1.51 0.44
a SBET, the BET surface area of the whole film, Vspec, the specific volume of pores, the porosity equal to 100 times the specific volume of pores,Dmax, the
pore width corresponds to the maximum of pore size distribution. Due to the symmetry of the PSDDmax is practically the same as the mean pore size. Q:
Water contact angle, xrel, the photonic efficiency.
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View Article Onlineencapsulated in the pores instead of being deposited on
the surface of the film. Analysis by EDX measurements revealed
Pt : Ti ratios of 0.008, 0.025, and 0.047 after 5, 15 and 30 pulses,
respectively.
Multilayer films of Pt/TiO2 nanocomposites exhibit absorp-
tion of ultraviolet (UV) light, which is slightly blue shiftedFig. 3 A representative HR-TEM image of the Pt and TiO2 nanoparticles in t
Pt/TiO2 thin film (c), the insets show the SAED patterns for the nanocrysta
ordered mesoporous TiO2 films on FTO-coated glass after pulsed electrodep
7806 | J. Mater. Chem., 2011, 21, 7802–7810compared to that of bulk TiO2 with a band gap of about 3.2 eV
(Fig. 4). The band gap energy for the mesoporous TiO2 thin films
is about 3.4 eV, which might be a result of the porosity of the
mesoporous TiO2 film.
24 It has been reported that anatase crys-
tallites exhibit bulk physical properties if particle diameters are
larger than 5 nm;25 in the pore walls of the mesoporous filmshe 15 pulses Pt/TiO2 thin film (a), TEM images of mesoporous at 30 pulses
lline anatase phase at 400 C. TEM micrographs of the cross-section of
osition of Pt by application of (b) five and (d) 30 pulses.
This journal is ª The Royal Society of Chemistry 2011
Fig. 4 Absorbance of n layer of TiO2—n layer of Pt (n ¼ 1–5 times)
sandwich units. One layer (a), two layers (b), three layers (c), four layers
(d) and five layers (e).
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View Article Onlinemost of the anatase crystallites appear to be smaller. With
increased film thickness the absorption edge of the pristine TiO2
thin films apparently shifts from around 340 nm to around
360 nm for a 5-layer film. A nearly linear absorption edge shift
provides convincing evidence for the regular growth of either
pristine TiO2 or Pt/TiO2 multilayer films.
The wettability of surfaces was characterised by measuring the
contact angles of the films and water droplets after exposure to
UV light (Tables 1–3). In the dark, the contact angles were
determined to be 20–35. UV-light exposure caused the water-
contact angle of the Pt/TiO2 multilayer films to decrease to <10

within a few hours, thus evincing that the film surface became
superhydrophilic.Fig. 5 Dependence of photonic efficiency of mesoporous pristine TiO2
(a) and Pt/TiO2 nanocomposite films with Pt loaded by pulsed electro-
deposition of 1 pulse (b), 2 pulses (c), 5 pulses (d), 15 pulses (e), 30 pulses
(f), commercial Pilkington Activ glass photocatalyst (g), SG-TiO2 (h)
and 5 pulses/SG-TiO2 (i).3.2. Photocatalytic oxidation of acetaldehyde in gas phase
The activity of the multilayer Pt/TiO2 films was investigated for
the photocatalytic oxidation of CH3CHO in gas phase.
CH3CHO was used as a model for a harmful organic gas. This
reaction is photocatalytic on the basis of the fact that both illu-
mination and TiO2 are needed for the decomposition.
26 The
overall process of the photocatalytic CH3CHO decomposition
can be described by the following equation:27
2CH3CHOþ 5O2 !Pt=Tio2 film
UV light
4CO2 þ 4H2O (3)
It has been shown previously that the photocatalytic oxidation of
CH3CHO occurs on the surface and in the pores of TiO2 and that
molecular O2 and H2O are necessary for this purpose. Molecular
oxygen adsorbed on the TiO2 surface prevents the recombination
of electron–hole pairs by trapping electrons; superoxide ions are
thus formed. _OH radicals are formed from holes reacting with
either H2O or OH
 adsorbed on the TiO2 surface. The radicals
_OH and O2_
 are widely accepted as primary oxidants in
heterogeneous photocatalysis. These oxidative species can easily
oxidize CH3CHO. The oxidizing power of the _OH radicals is
strong enough to break C–C bonds and C–H bonds of CH3CHOThis journal is ª The Royal Society of Chemistry 2011adsorbed on the surface of TiO2 leading to the formation of CO2
and H2O.
28 As shown in Fig. 5 a direct correlation between the
photonic efficiencies and the Pt concentrations is clearly
observed. Both, pristine TiO2 and Pt/TiO2 prepared with
different amounts of pulses already show a considerably higher
ability to convert CH3CHO than Pilkington Active glass or
dense TiO2 and Pt/TiO2 films, respectively, probably due to the
much larger surface area of the mesoporous films and its highly
crystalline anatase content. The results evince that the photonic
efficiency increases with increasing the number of Pt pulses from
1 to 5 with the maximum photonic efficiency being 0.44%.
Subsequently, the photonic efficiency gradually decreases with
an increasing number of Pt pulses reaching a value of 0.2% for
the sample prepared employing 30 Pt pulses.
It has been shown that platinum particles on semiconductor
materials readily accept and store electrons, leading to a shift in
the Fermi level to a more negative potential.29 In the present
work, 3-D cubic Pt/TiO2 nanocomposites at 5 Pt pulses showed 3
times higher activity for the photooxidation of CH3CHO than
pristine TiO2 (Fig. 5 and Table 1). Pt nanoparticles electro-
deposited in the pore system of the mesoporous TiO2 film
provide a more efficient charge separation of the electron–hole
pairs and an increase in their lifetime. The Fermi level of Pt (EF¼
0.7 V vs. NHE)30 is more positive than the conduction band of
energy of TiO2 (ECB¼0.66 V vs.NHE).31Hence, the storage of
multiple electrons during the charge equilibration with the
semiconductor can produce a significant shift in the Fermi level,
thus driving the overall Fermi level to more negative potentials.
Thereby, it retards efficiently the recombination of the electron–
hole pairs formed upon UV(A) light absorption.31,32 Under these
conditions, the Fermi level of the composite shifts closer to the
conduction band of the semiconductor. Assuming a Schottky
contact between the mesoporous TiO2 network and the noble
metal particle, the Pt particles then serve as active sites for the
reduction of molecular oxygen, thus transferring the trappedJ. Mater. Chem., 2011, 21, 7802–7810 | 7807
Fig. 7 Influence of TiO2 layer-by-Pt layer nanocomposites like sandwich
unit on photocatalytic degradation of CH3CHO in the gas phase.
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View Article Onlinephotogenerated electrons to adsorbed molecular oxygen
producing O2_
 radicals whereas the holes simultaneously accu-
mulate at the metal–oxide interface.6,33 With the interface being
maximal at low platinum loading and high dispersion, too large
platinum particles (produced with more than 5 pulses Pt) could
also act as recombination centers and become detrimental for
photocatalysis by hindering or even avoiding the active photo-
generated charge carrier transfer to the reactant species at the
surface.34 Under the experimental conditions employed here
5 pulses Pt is considered to be the optimum and was hence used in
the following.
The relationship between the number of layers and the
photonic efficiency of pristine TiO2 and mesoporous Pt/TiO2 was
investigated (Fig. 6 and Table 2). The mesoporous Pt/TiO2 layer
film thickness is approximately 224–1135 nm depending on the
number of layers. Our results show that the film thickness
increases almost linearly with an increase in the number of dip
coatings, which is in agreement with a former report.35 Fig. 6
shows that for mesoporous pristine TiO2 the photocatalytic
activity increases from 0.15 to 0.43% with increasing film
thickness, reaching a plateau for films with a thickness of around
654  25 nm, i.e., for three-layer films. This observation can be
explained by the fact that an increase in the film thickness can
lead to an attenuation of the light penetration resulting in
decreased photodecomposition rates of CH3CHO.
36At large film
thickness (four and five layers), a further increase in thickness
does not lead to any photoactivity improvement. The photonic
efficiency is limited by the diffusion rate of the CH3CHO gas to
the photocatalytically active surface, as a result of the difference
in the size and number of pores and thickness of films. For
Pt/single-layer TiO2 the photonic efficiency for the photo-
catalytic oxidation of CH3CHO in the gas phase was improved
by a factor of 3 as compared to pristine TiO2 (Fig. 6 and Table 2).
With increasing number of TiO2 layers, we observed that depo-
sition of Pt slightly increased the photonic efficiencies. This is
explained by the large-surface of mesoporous Pt/single-layer
TiO2 films (302 m
2 cm3) being especially effective as theFig. 6 Comparison of photocatalytic activities of multilayer films of
pristine TiO2 and Pt/TiO2 nanocomposites for degradation of CH3CHO
in gas phase.
7808 | J. Mater. Chem., 2011, 21, 7802–7810photocatalytic oxidation of CH3CHO in the gas phase requires
the adsorption of the reactants prior to the reaction on the
surface. The amount of adsorbed substances is increased in
Pt/single-layer TiO2 due to the large surface area, which enhances
the photocatalytic process. In contrast, Pt/three-layer TiO2 has
a surface area and a pore diameter 265 m2 cm3 and 8.6 nm,
respectively. In general, as the film thickness increases, the
diffusion time required to reach complete penetration increases.
These factors are responsible for the observation that a satura-
tion loading is reached beyond which no further increase in
conversion is observed.36
The TiO2-layer-by-Pt-layer sandwich structures have also been
investigated concerning their efficiency for the photocatalytic
oxidation of CH3CHO in the gas phase (Fig. 7 and Table 3). The
results indicate that there are no significant changes in terms of
the photonic efficiency. Actually, these results were unexpected
as the increase in the number of TiO2 and Pt layers should lead to
a linear increase in the anatase content. Single-layer Pt/TiO2 films
are, however, already sufficient to obtain maximum photonic
efficiency. This may be attributed to the fact that the Pt particle
size will continue to grow as a result of the repeated calcinations
thus leading to a decrease in the surface area. Thus, the homo-
geneous distribution of the anatase particles at Pt/single-layer
TiO2 is playing an important role for a good accessibility of
molecules from the gas phase. The 3-D mesoporous TiO2
network acts as an antenna system transferring the initially
generated electrons from the location of light absorption to
a suitable interface with the noble metal catalyst and subse-
quently to the location of the Pt nanoparticle where the actual
electron transfer reaction will take place. Thus, its acceleration
through the electron transfer catalysis induced by the Pt deposits
will result in the observed increase in photonic efficiency.6
To explore the advantage of 3D mesoporous Pt/TiO2 nano-
composites and their applicability, reuse cycles of newly prepared
photocatalysts were examined for the photooxidation of
CH3CHO (Fig. 8A). Based on the above results, it can be
concluded that the 5 pulses Pt/TiO2 nanocomposites exhibited
the highest activity. The recycling tests demonstrated that thisThis journal is ª The Royal Society of Chemistry 2011
Fig. 8 Recycling test of 5 pulses Pt/one layer TiO2 calcined at 400
C
repetitively for 5 times (a). Continuous photocatalytic degradation of
CH3CHO in the gas phase for 10 h using 5 pulses Pt/one layer TiO2 film
calcined at 400 C (b).
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View Article Onlinephotocatalyst was quite stable during that gas–solid heteroge-
neous photocatalysis since no significant decrease in activity was
observed even after being used repetitively for 5 times, showing
a good potential for practical applications. In general, the cubic
mesoporous Pt/TiO2 nanocomposites are stable and can be
recycled without loss of their photochemical activity. Also, we
have continuously carried out the experiments for 10 h (Fig. 8B).
The results indicated that the Pt/TiO2 is photoactive and stable.
This clearly demonstrates the added advantages of mesostruc-
tural ordering on the photocatalytic properties of TiO2, which
can be attributed to the large accessible surface areas presented in
the ordered sample.4. Conclusions
Highly crystalline, mesoporous pristine TiO2 and Pt/TiO2
multilayer films have been synthesized. The results indicated that
the deposition of TiO2 layer-by-layer did not change the meso-
porous structure significantly. The photocatalytic removal rate
of acetaldehyde showed that meso-ordered pristine TiO2 is
photocatalytically more active than Pilkington Activ glass.
Also, three-layer mesoporous pristine TiO2 films exhibit greatly
enhanced performance for the photocatalytic oxidation of
CH3CHO that at 654  25 nm thickness was sufficient to achieve
a maximum photonic efficiency of 0.45%. Moreover, theThis journal is ª The Royal Society of Chemistry 2011deposited Pt particles have been demonstrated to serve as trap-
ping centers for electrons generated in light-activated TiO2. The
improved efficiency and potentially low-cost synthesis suggest
that this material might be practically useful as a photocatalyst.
The 3-D cubic mesoporous TiO2 is stable and can be recycled
without loss of its photochemical activity.
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